The thermophilic, sulfur metabolizing Archaeoglobus fulgidus contains two genes, AF0473 and AF0152, encoding for PIB-type heavy metal transport ATPases. In this study, we describe the cloning, heterologous expression, purification, and functional characterization of one of these ATPases, CopA (NCB accession number AAB90763), encoded by AF0473. 50 ‫؍‬ 24 M). This is the first Ag ؉ /Cu ؉ -ATPase expressed and purified in a functional form. Thus, it provides a model for structurefunctional studies of these transporters. Moreover, its characterization will also contribute to an understanding of thermophilic ion transporters.
P-type ATPases transport a variety of ions (H
ϩ , Na ϩ , K ϩ , Cu ϩ , Ca 2ϩ , Mg 2ϩ , Cd 2ϩ , Zn 2ϩ , etc.) across cell membranes using the energy provided by ATP hydrolysis (1) (2) (3) (4) . The study of key members of this family, like the Na,K-ATPase and the sarcoplasmic reticulum (SR) 1 Ca-ATPase, has allowed the description of significant aspects of their catalytic cycle (2, 3) . The phosphorylation of the aspartyl group in the consensus sequence DKTGT is a fundamental characteristic within this mechanism. The participation of specific transmembrane segments (TMs) in cation binding and transport has also been established for the better characterized members of this family, the Na,K-ATPase and SR Ca-ATPase (5) (6) (7) (8) . Recently, the structure of the SR Ca-ATPase (2.6-Å resolution) was reported (9) . This provided important information on the overall disposition of the TMs and confirmed the participation of three TMs (H4, H5, and H6) in ion binding. Despite these significant advances, important questions pertaining to the family of Ptype ATPases remain to be answered. For instance, how is ion selectivity achieved? What are the particular molecular events that take place in the protein during ATP hydrolysis, energy transduction, and ion transport? More than 250 P-type ATPases have been identified in all life kingdoms (data available on the World Wide Web at biobase. dk/ϳaxe/Patbase.html). Comparison of primary sequences, proposed topological arrangements, and ion specificity has allowed the organization of the P-type ATPases into various subfamilies (1, 4, 10) . Axelsen and Palmgren (1) , in a detailed analysis of phylogenetic trees, described five groups with particular ion specificities (PI-PV). Among these, ATPases in the PIB subfamily transport transition metals (Cu ϩ , Ag ϩ , Zn 2ϩ , Cd 2ϩ , Pb 2ϩ , and Co 2ϩ ). In light of their substrates, these enzymes appear as central elements in the processes of metal biotolerance and bioaccumulation (11) (12) (13) . For instance, the two PIB-type ATPases present in humans are Cu ϩ transporters, and mutations in these proteins are responsible for Menkes' and Wilson's disease (13) (14) (15) (16) . Although a detailed enzymatic characterization of PIB-type ATPases has not been performed, the formation of the phosphorylated intermediate and transport properties have been explored for some members of this family (17) (18) (19) (20) (21) (22) . Based on hydrophobicity analysis, most PIB-type ATPases appear to have eight TMs (Fig. 1 ). This membrane topology has been experimentally confirmed only for CopA from H. pylori (23) . A unique feature of these proteins is the presence of a putative metal binding sequence (CPC, CPH, or SPC) in their transmembrane region, specifically in the TM immediately upstream from the phosphorylation site ( Fig. 1) . Because of this signature sequence, these enzymes are termed CPx-ATPases (24) . Concerning the functional role of these sequences, it has been shown that the second Cys (CPC) is required for enzyme function (25) . Thus, the mutated (CPC 3 CPA) gene is unable to confer Cu ϩ resistance to ⌬ccc2 yeast (Cu-ATPase gene disrupted) (25) . However, the relationship between ion specificity and CPx sequences remains to be established. Moreover, at the present, the ion transported and the direction of transport cannot be predicted. Another noticeable characteristic of CPx-ATPases is the presence of 1-6 metal binding domains in their N terminus (N-MBD). These cytoplas-mic N-MBDs include either the consensus CXXC or a His-rich sequence. The capacity of domains containing the CXXC sequence to bind metals and to interact with soluble metal chaperones has been established (26 -28) . Recent studies have shown that the CXXC N-MBDs are not required for ion transport, and a regulatory role has been suggested for these domains (29 -31) .
Proteins from hyperthermophile organisms, archaea in particular, have received significant attention because of their extraordinary stability (32, 33) . The study of thermotolerant, soluble proteins suggests that the intrinsic structure determined by the amino acid sequence is the determinant of their stability. Thus, thermostable enzymes are obtained after heterologous expression in mesophilic organisms. Although no particular stabilizing mechanism is obvious in these proteins, a general increment of small strengthening forces is apparent (hydrogen bonds, ion pairs, etc.). This structural stability appears to have been achieved at the expense of flexibility, since most of these enzymes are inactive under 40°C and have high activation energies (32, 33) . On the other hand, thermophilic membrane proteins and solute transporters in particular have received little attention. Considering the particular lipid composition of archaea membranes (34, 35) , it could be hypothesized that thermophilic membrane proteins should have particular functional and structural characteristics. However, although some A1A0-ATPases (the archaeal homologs of F 1 F 0 -ATPases), redox, and electron transport components from archaea have been studied (36, 37) , only sugar transporter ABC ATPases from Thermococcus litoralis (38, 39) and Sulfolobus acidocaldarius (40) have been initially characterized. Thus, little information is available on the structure and function of thermophilic solute transport proteins.
We have initiated the study of thermophilic CPx-ATPases with the goal of understanding the catalytic mechanism, structural features, and mechanisms of ion selectivity of PIB-type ATPases while gaining information on thermostable ion transport proteins. In this report, we present the cloning, heterologous expression, purification, and functional characterization of a CPx-ATPase present in the hyperthermophile Archaeoglobus fulgidus. This is the first description of a thermophilic P-type ATPase and biochemical characterization of a purified Ag ϩ /Cu ϩ -ATPase.
EXPERIMENTAL PROCEDURES
Cloning and Expression-The cDNA of gene AF0473 in the A. fulgidus genome (41) was generated by polymerase chain reaction, using genomic DNA (ATCC, Manassas, VA) as template and the oligonucleotides 5Ј-GTAAAGGATACTTATATCTCTTCAGCCAGC-3Ј and 5Ј-GCT-TCTGAGCTTTGCCTGGTATCC-3Ј. The resulting 2412-bp cDNA was subcloned into pBADTOPO/His vector (Invitrogen, Carlsbad, CA). This vector introduces a carboxyl-terminal hexahistidine tag suitable for Ni 2ϩ affinity purification and a V5 epitope for immunodetection. The gene sequence was confirmed by automated DNA sequence analysis. Escherichia coli Top10 cells (Invitrogen, Carlsbad, CA) were transformed with this construct and grown at 37°C in 2ϫ YT medium supplemented with 150 g/ml ampicillin, and expression was induced with 0.002% L-arabinose. Cells were harvested 3 h postinduction; washed with 25 mM Tris, pH 7.0, 100 mM KCl; and stored at Ϫ70°C.
Protein Purification-Protein purification was carried out following the method of Sharma et al. (20) with minor modifications. All purification procedures were carried out at 0 -4°C, and no special precautions were taken to prevent enzyme oxidation. Cells were suspended in buffer A (25 mM Tris, pH 7.0, 100 mM sucrose, 1 mM phenylmethylsulfonyl fluoride) and disrupted by passing them through a French press at 20,000 p.s.i. After the addition of 0.02 mg/ml DNase I, 2 mM MgCl 2 , the homogenate was incubated for 30 min at 4°C. Lysed cells were centrifuged at 8000 ϫ g for 30 min. The supernatant was then centrifuged at 163,000 ϫ g for 1 h, and the pellet was washed with buffer A and centrifuged at 229,000 ϫ g for 1 h. Membranes were resuspended in buffer A (10 -15 mg/ml) and stored at Ϫ70°C.
For protein solubilization and purification, membranes (3 mg/ml in buffer B: 25 mM Tris, pH 8.0, 100 mM sucrose, 500 mM NaCl, 1 mM phenylmethylsulfonyl fluoride) were treated with dodecyl-␤-D-maltoside (DDM) (Calbiochem), added dropwise to a final concentration of 0.75%. The membrane preparation was incubated with the detergent for 1 h at 4°C with mild agitation. The suspension was cleared by centrifugation at 229,000 ϫ g for 1 h, and Ni 2ϩ -nitrilotriacetic acid resin (Qiagen, Valencia, CA) pre-equilibrated with buffer B plus 0.05% DDM, 5 mM imidazole was added to the supernatant. After incubation for 1 h at 4°C, the resin was placed on a column and washed with buffer B, 0.05% DDM, 20 mM imidazole. The protein was eluted with buffer B, 0.05% DDM, 300 mM imidazole. Fractions were concentrated by filtration, and imidazole was removed using a Sephadex G-25 column. The protein was eluted with 25 mM Tris, pH 8.0, 100 mM sucrose, 50 mM NaCl, 0.01% DDM, 1 mM dithiothreitol (DTT) and stored in this buffer at Ϫ70°C. All protein determinations were performed in accordance with Bradford (42) . Protein expression and purification was examined on 10% SDS-PAGE (43) . Proteins bands were observed by staining the gels with Coomassie Brilliant Blue. Heterologous protein was detected by electroblotting the gels onto nitrocellulose membranes and immunostaining with anti-V5-horseradish peroxidase monoclonal antibodies (Invitrogen, Carlsbad, CA).
ATPase Assays-The ATPase activity assay mixture contained 50 mM Tris, pH 6.1 (75°C) (see below), 3 mM MgCl 2 , 3 mM ATP, 20 mM cysteine, 0.01% asolectin, 0.01% DDM, 400 mM NaCl, 0.01 mg/ml purified enzyme, and either 100 M Cu 2 SO 4 , 2.5 mM DTT, or 100 M AgNO 3 .
In different experiments, these reagents were independently varied as indicated in the corresponding figures. Buffers were prepared, and pH was measured at room temperature. pH at 75°C was calculated using pK a /°C conversion factors (Tris, Ϫ0.031; MES, Ϫ0.011; CHES, Ϫ0.009) (44) . ATPase activity was measured for 10 min at 75°C. Released P i was determined in accordance with Lanzetta et al. (45) . Background activity, measured in the absence of transition metals, was less than 5% in all of our determinations.
Phosphorylation Assays-Enzyme phosphorylation with ATP was carried out in a medium containing 50 mM Tris, pH 7.5 (20°C), 1 mM MgCl 2 , 25 M [␥-
32 P]ATP, 0.04 mM EGTA, 20 mM cysteine, 0.01% asolectin, 0.01% DDM, 400 mM NaCl, 20% Me 2 SO, 0.05 mg/ml purified enzyme, and either 100 M Cu 2 SO 4 , 2.5 mM DTT, or 100 M AgNO 3 . The reaction was initiated by the addition of [␥- 32 P]ATP and stopped after 30 s at 37°C with 5 volumes of ice-cold 10% trichloroacetic acid, 1 mM P i . The samples were filtered through nitrocellulose 0.45-m filters (Millipore Corp., Bedford, MA), washed five times with acid stopping solution, and radioactivity was measured in a scintillation counter. Background phosphorylation, measured in the absence of transition metals, was less than 5%.
Dephosphorylation Assays-The time course of enzyme dephosphorylation and the effect of ADP on the phosphorylation level were examined in samples phosphorylated as described above. 1 mM ADP or 1 mM ATP was added to the medium after 30 s instead of the acid stopping solution, and the samples were incubated for a further 3, 6, or 9 s at 37°C. The incubations were stopped with acid, filtered, and counted as described above.
Data Analysis-Curves of ATPase activity versus Ag ϩ , Cu ϩ , or ATP, as well as enzyme phosphorylation curves, were fit to
where L is the concentration of variable ligand. ATPase activity versus inhibitors curves were fit to v ϭ(
where I is the concentration of inhibitor, K1 ⁄2 is the inhibitor concentration that produces half the inhibitory effect, and V min is the activity at maximum inhibition. Activation energy (E a ) was calculated by fitting the experimental data to log V max ϭ (E a /2.3R)/(1/T), where R is the gas constant and T is absolute temperature (46) . Data analysis was done using the KaleidaGraph software (Synergy, Reading, PA). Experimental values are the mean Ϯ S.E. of at least three independent experiments performed in duplicate. For simplicity, errors were not included in Fig. 4A , the inset of Fig. 4C, and Fig. 6 . The reported S.E. values for V max , K m , K1 ⁄2 , and E a are asymptotic S.E. values reported by the fitting program. Sequence analysis and percentage identity (ClustalV method) was performed using LaserGene software (DNASTAR, Madison, WI).
RESULTS
A. fulgidus is a hyperthermophylic sulfur-metabolizing organism. Its genome contains only two P-type ATPases encoding genes AF0473 and AF0152 (41) . We will refer to these ATPases as CopA (NCB accession number AAB90763) (this has been previously referred as PacS) and CopB (NCB accession number AAB91079). These small ATPases, 804 and 690 amino acids, respectively, have the typical topological pattern of PIB-type 53 ) and a CPH metal binding sequence in the sixth TM. These structures appear similar to those of CopA and CopB from Enterococcus hirae (48) (percentage identity, 41 and 40%, respectively). Moreover, the metal transport systems are probably complemented by a putative copper chaperone, similar to CopZ from E. hirae (49) or Atx1 from yeast (50) , encoded by gene AF0346 of A. fulgidus (51) .
CopA Expression, Solubilization, and Purification-We initiated our studies of these CPx-ATPases by cloning CopA cDNA and expressing this protein in E. coli. Fig. 2 shows the presence of CopA in isolated membranes after induction of expression with arabinose (Fig. 2, lanes 5 and 6) . To isolate the protein, this was solubilized with DDM under conditions where activity was retained. Treatment with other detergents (Triton X-100, C 12 E 8 , Tween 20) at similar concentrations led to enzyme inactivation. Enzyme ligands (Mg-ATP) had no stabilizing effect on this protein during its solubilization. The solubilized protein was subsequently purified by Ni 2ϩ -nitrilotriacetic acid affinity column using standard protocols (Fig. 2, lanes 3 and 6) . Densitometry of Coomassie Brilliant Blue-stained SDS-PAGE gels shows that this procedure routinely yielded a Ͼ90% pure protein (Fig. 2, lane 3) .
CopA ATPase Activity-As in the case of other detergentsolubilized and purified P-type ATPases (2, 52, 53), CopA required the inclusion of optimized amounts of lipids and detergent in the assay medium to be functional. It is significant that asolectine (phosphatidyl choline-enriched soybean lipids) was able to replace the isoprenoid dialkyl diglycerol cyclic tetraethers that predominantly constitute the monolayer membrane of hyperthermophile archaea (34, 35) . A detailed analysis of the influence of lipid composition and membrane structure on the kinetics of this archaeal transporter was beyond the scope of these experiments. As expected based on its homology with putative monovalent metal transport CPx-ATPases and the living environment of A. fulgidus, the purified CopA showed Ag ϩ -and Cu ϩ -stimulated ATPase activity when assayed at 75°C (Fig. 3) were unable to significantly activate the enzyme (Fig. 3) . Considering the putative peculiarities of proteins from extremophile organisms, the dependence of silver-stimulated ATPase activity on ionic strength, pH, and temperature was analyzed (Fig. 4) . High salt concentration stimulated the ATPase, reach- Final concentration of each metal ion was 100 M, which is a saturating concentration for Ag ϩ and Cu ϩ (see Fig. 8 ). 20 mM cysteine was included in all cases, and, in addition, 2.5 mM DTT was included in the Cu(I)-containing assay mixture. 100% activity was 13.5 mol/mg/h.
Characterization of a Thermophilic Ag
ing a plateau at 400 -500 mM salt (Fig. 4A) . This effect appears independent of the cation, since NaCl or KCl yielded similar Ag-ATPase stimulation. Experiments using N-methylglucamine to increase ionic strength in the medium could not confirm this point. Although the amine at low concentration (under 10 mM) stimulated the ATPase as NaCl or KCl, it led to a sharp inactivation at higher concentrations (IC 50 ϭ 25 mM) (not shown). CopA showed a typical, bell-shaped, dependence of activity on pH with a maximum activity at pH 6.1-6.5 ( Fig.  4B ). Fig. 4C shows the dependence of this ATPase on the temperature. Considering that under physiological conditions this enzyme works at 70 -80°C, it was not surprising that CopA reached maximum activity at 75°C and was inactive at 37°C. An Arrhenius plot showed an energy of activation of 103 kJ/mol for ATP hydrolysis by CopA under our experimental conditions (Fig. 4C, inset) . This value is similar to that observed with other thermophilic enzymes (33, 54) and much higher that the 20 -40 kJ/mol energy of activation determined for mesophilic enzymes (46) . Previous studies have indicated the dependence of CPxATPase activity on the presence of thiolates (20, 30) and/or reducing agents (55, 56) . The CopA Ag-ATPase activity showed a strong dependence on cysteine concentration with maximum activity at 20 mM cysteine (Fig. 5) . The presence of ascorbate, citrate, DTT, or glutathione in the medium had no effect on Ag-ATPase activity (not shown). The dependence on cysteine was also evident when Cu ϩ stimulation was tested. In this case, 2.5 mM DTT was also necessary in the medium to maintain the metal in its Cu(I) redox state. Thus, in the absence of DTT and cysteine, no Cu-ATPase activity was detected. The enzyme was only partially activated by 100 M Cu 2 SO 4 , 2.5 mM DTT in the absence of cysteine (12% of the activity observed in the presence of 100 M Cu 2 SO 4 , 20 mM cysteine, 2.5 mM DTT). Similarly, 100 M Cu 2 SO 4 , 20 mM cysteine (absence of DTT) stimulated the enzyme to just 33% of maximum activity. These initial experiments suggest that the role of thiolates and metalthiolate complexes in the metal-protein interaction might be more complex than previously proposed (20) (see "Discussion").
Toward establishing that CopA behaves as other P-type ATPases, the effects of different inhibitors on enzyme activity were tested. Inhibition of P-type ATPases by vanadate is accepted as a key feature of these enzymes (57, 58). CopA was (Fig. 6) , confirming its basic mechanistic similarities with all other P-type ATPases. Oligomycin, a known inhibitor of the Na,KATPase (59), partially inhibited CopA (approximately 50%) with a K1 ⁄2 of 4.7 M (Fig. 6) . Interestingly, this K1 ⁄2 is similar to that observed for inhibition and stabilization of Na ϩ occlusion in the Na,K-ATPase. NaN 3 , NaNO 3 , or ouabain had no effect in enzyme activity.
Interaction of CopA with ATP-ATP interacts with P-type ATPases with two apparent affinities (2, 3) . Mechanistically, ATP with a K m in the submillimolar range appears to accelerate the transition E2 3 E1, thus increasing the enzyme turnover. In the case of CopA, ATP versus ATPase activity curves showed that the enzyme was stimulated by ATP with low affinity (K m ϭ 0.25 mM) in a fashion similar to that observed in other P-type ATPases (Fig. 7) . On the other hand, a high affinity interaction in the micromolar range is observed when phosphorylation by ATP is studied. This parameter has not been previously determined for a CPx-ATPase. Toward performing these determinations, phosphorylation conditions were established. At low temperatures (reduced turnover) and in the presence of ATP and the outwardly transported cation, P-type ATPases are phosphorylated; moreover, the enzyme is predominantly arrested in a phosphorylated conformation, and this acid-stable intermediary can be isolated. For CopA, low turnover conditions were achieved by performing the phosphorylation reaction at 37°C (See Fig. 4C ). In addition, 20% Me 2 SO was included in the assay medium to stabilize the phosphorylated forms of the enzyme (60) . Under these conditions and in the presence of Ag ϩ and ATP, a maximum phosphoenzyme level of 1.4 -1.6 nmol/mg was obtained (Fig. 8) . Different temperatures or Me 2 SO concentrations did not lead to higher phosphorylation; nevertheless, the observed phosphoenzyme level is close to those measured in membrane preparations of purified Na,K-ATPase (60) or SR-Ca-ATPase (61) . Considering the mechanistic implications, the observation that CopA is phosphorylated in the presence of Ag ϩ or Cu ϩ is highly relevant. Assuming that CopA behaves as all other P-type ATPases where the outwardly transported cation drives phosphorylation, then it is apparent that CopA would probably catalyze the efflux of these metals. Regarding the interaction of ATP with the enzyme, Fig. 8 shows the dependence of CopA phosphorylation on this nucleotide. The ATP K m ϭ 4.8 M for this partial reaction indicates that ATP interacts with CopA with high affinity.
Metal Stimulation of CopA ATPase Activity-The mechanisms of metal selectivity are perhaps the most intriguing aspect of ion transporters. Both Ag ϩ and Cu ϩ independently activated the enzyme with high apparent affinity (Fig. 9) . Surprisingly, the enzyme displayed a smaller V max in presence of Cu ϩ (Ag ϩ V max ϭ 14.8 mol/mg/h; Cu ϩ V max ϭ 3.7 mol/mg/h), although it showed 10 times higher affinity for Cu ϩ compared with Ag ϩ (Ag ϩ K1 ⁄2 ϭ 29.4 M; Cu ϩ K1 ⁄2 ϭ 2.1 M). In addition, CopA showed no cooperativity in its activation for either cation. This is important, because at least two metal binding sites are present in this enzyme, the cytoplasmic N-MBD and the transport site located in the transmembrane region (see "Discussion"). The difference in apparent cation affinities observed under turnover conditions was confirmed by phosphorylation experiments (Fig. 10) . However, while Ag ϩ and Cu ϩ stimulated phosphoenzyme formation with affinities similar to those observed in the ATPase activation, comparable levels of phosphoenzyme were reached in the presence of both cations (Ag ϩ , 1.40 nmol/mg; Cu ϩ , 1.08 nmol/mg), suggesting that distinct FIG. 6 . CopA inhibition by vanadate and oligomycin. The CopA Ag-ATPase activity was determined, and data were fitted as indicated under "Experimental Procedures." Vanadate (q) data were fitted using V max ϭ 100% and yielded the following parameters:
Oligomycin (E) data were fitted using V max ϭ 100% and yielded the following parameters: V min ϭ 55 Ϯ 2%, K1 ⁄2 ϭ 4.7 Ϯ 0.7 M. 100% activity was 12-14.5 mol/mg/h. 
dephosphorylation rates or differences in the E1P 7 E2P equilibrium might be responsible for the observed differences in turnover. To explore these possibilities, the dephosphorylation rates of enzymes phosphorylated in the presence of Ag ϩ or Cu ϩ were compared. Fig. 11 shows that the rate of dephosphorylation after adding 1 mM ATP to the medium (i.e. dephosphorylation via E2P after cation deocclusion) was faster after phosphorylation in the presence of Ag ϩ . Moreover, the dephosphorylation via E1P ϩ ADP 3 E1 ϩ ATP was faster in the case of the enzyme phosphorylated in the presence of Cu ϩ . These results indicate a prevalence of the E1P(cation) form of the enzyme when this is phosphorylated in the presence of Cu ϩ (compared with that resulting in the presence of Ag ϩ ). Furthermore, they explain the observed difference in enzyme turnover in the presence of these metals (Fig. 9) .
DISCUSSION
In the last decade, the identification of numerous CPx-ATPases and in particular the two human isoforms has brought much attention to these heavy metal transport ATPases (11) (12) (13) . These enzymes present interesting structural features such as the N-MBDs repeats in their cytoplasmic amino terminus or the distinct location of the large cytoplasmic loop in relation to their eight TMs. Functionally, they also present fascinating puzzles; for instance, considering the practical absence of free metals in the cell cytoplasm (62) , how does the transported ion access the enzyme? Bacterial and archaeal CPx-ATPases, the smallest P-type ATPases, appear as attractive models to perform detailed structure-function studies of CPx-type ATPases. Similarly, relevant information obtained in this system will probably be relevant to understand the mechanisms of transport and energy transduction in P-type ATPases in general. We now describe the characterization of CopA from the thermophilic archaea A. fulgidus. The enzyme was overexpressed, solubilized, and purified in a functional form. Moreover, the kinetic determinations suggest that purified CopA is suitable for detailed structural-functional characterization of Cu/Ag-ATPases not possible in other systems.
Purified CopA had a Ag-ATPase activity of 14 mol/mg/h. This is the maximum activity detected for a monovalent cation CPx-ATPase. Sharma et al. (20) have reported values in the 130 -150 mol/mg/h range for the Pb 2ϩ -stimulated ATPase activity of ZntA. The slower turnover of CopA compared with ZntA could be due to either natural differences between monovalent and divalent cation transporting ATPases or to nonoptimal conditions for CopA function. In this regard, it should be taken into account that the lipid environment might have profound effects in enzyme function, and the physiological lipid milieu of CopA in A. fulgidus is different from that provided in our assay conditions. It could also be considered that both ZntA and CopA might not be fully activated under experimental conditions where key physiological components might be missing (e.g. a proper metal complex with a chaperone molecule) (49 -51) . Alternatively, it is also possible that enzyme preparation protocols might have had a deleterious effect on the enzyme activity. A better assessment of the functionality of our preparations is provided by the observed phosphoenzyme level. The measured 1.4 -1.6 nmol/mg is quite close to the 2-3 nmol/mg detected in Na,K-ATPase or Ca-ATPase membrane preparations. Using this phosphoenzyme level, a turnover on the order of 200 min Ϫ1 can be calculated for CopA. No other quantitative determination of phosphoenzyme levels or turnover number has been made for a CPx-ATPase.
Analysis of CopA kinetic parameters reveals important char- (31) . Ag ϩ transport has been observed in E. hirae CopB (18) , and it is apparent in Synechococcus PacS (63); however, the affinities of these enzymes for Ag ϩ have not been established. Our determinations indicate that the enzyme binds Cu ϩ with higher affinity, but Cu ϩ drives a slower turnover compared with Ag ϩ . These differences in enzymatic activity were not correlated with phosphoenzyme levels (nonturnover conditions) that were similar in the presence of either cation. Assuming that CPx-ATPases have a catalytic cycle similar to other P-type ATPases (E1P(X ϩ ) 3 E2P ϩ X ϩ ), the release of the first outwardly transported cation together with the phosphoenzyme conformational transition would be the rate-limiting step in the cycle (64) . Our determinations of dephosphorylation rates of E2P, E1P(Ag), and E1P(Cu) enzymes indicated that the E1P(X ϩ ) 7 E2P ϩ X ϩ equilibrium is displaced toward the E1P(X ϩ ) form when Cu ϩ (compared with Ag ϩ ) is the occluded cation. This observation explains the slower enzyme turnover detected in the presence of Cu ϩ . The characteristics of enzyme activity and phosphorylation provide additional information on the transport/catalytic mechanisms of CopA. First, the metals appear to interact with the enzyme in a noncooperative fashion. This is interesting, considering that CopA contains at least two metal binding domains, the N-MBD and the metal binding site in the transmembrane region formed in part by the CPC sequence. A K d of 47 M has been determined for the isolated N-MBD1 from Menkes Cu-ATPase (65) . If CopA N-MBD has similar apparent affinity for Cu ϩ , a kinetic effect could have been detected in our determinations. However, it is possible that in the case of CopA both metal binding sites are kinetically indistinguishable or that the presence of cysteine in the medium masks the effect of metal binding to the N-MBD (see below). Second, both metals were able to drive the phosphorylation of CopA by ATP. Assuming that CopA behaves as other P-type ATPases in which the outward moving cation drives enzyme phosphorylation (2, 3, 64) , we propose that CopA transports Cu ϩ out of the cell. Thus, A. fulgidus CopA would be distinct from E. hirae CopA, which appears to drive Cu ϩ uptake (48) . In this regard, A. fulgidus CopA appears similar to its E. coli ortholog that transports Cu ϩ toward the extracellular milieu (56) . No phosphorylation determinations have been performed in these enzymes.
In this analysis of metal-CopA interaction, it should be kept in mind that the presence of cysteine was required for enzyme activity. Other thiol reagents such as glutathione or DTT were unable to stimulate the enzyme in similar fashion (DDT only partially substituted cysteine and appears necessary for maintaining copper in a reduced form). Mitra and co-workers (20, 30) first observed activation of ZntA by cysteine. The presence of an unspecified amount of cysteine increased V max but reduced the affinity of the ZntA for Zn 2ϩ , Cd 2ϩ , and Pb 2ϩ . These authors proposed that the metal-dithiolate or metal-monothiolate complexes might be the enzyme substrates. We have determined the dependence of CopA Ag-ATPase activity on the presence of cysteine. Maximum activity was observed at 20 mM cysteine. Taking into account a pK SH of 8.33 and the very low dissociation constant (ϳ10 Ϫ20 ) of the monothiolate salt of Ag ϩ with cysteine (66), amounts of cysteine slightly over the metal concentration would render practically all of the metal in the metal-thiolate form and satisfy both equilibria. Thus, the data suggest that a more intricate phenomenon than the simple dithiolate-or monothiolate-metal formation is required for enzyme activation by millimolar amounts of cysteine.
CopA is a thermophilic ATPase with maximum activity at 75°C but functional characteristics similar to mesophilic orthologs. This is the first characterized thermostable ion transporter and provides a model to study the particular structural characteristics that confer stability to thermophilic membrane proteins. The described experiments were not directed to uncover the structural features that confer thermostability to CopA. However, the established functional similarities will support sequence analysis and comparison of mesophilic and thermophilic ATPases directed to reveal thermostability determinant elements.
